From the clinical point of view, the treatment of CDI is hampered by an increasing prevalence of antibiotic resistance and frequent recurrences (6) . The therapy is adjusted to the severity of the disease. In mild or moderate cases of CDI, the antibiotic therapy is applied for 10 -14 days with either metronidazole at a dose 500 mg on prescription or vancomycin at a dose 125 mg four times a day. For a severe or complicated form of CDI, fidaxomycin (dose 200mg two times a day) should be used (7) .
From another episode of the infection suffer 10 -20% of CDI patients. The likelihood of developing further CDI episodes increases to 40 -65% if the patient already had one recurrence of the disease (6, 7) .
Due to intense research on the field of the gut microbiota, we now know that CDI is a common consequence of intestinal dysbiosis. Repeated antiobiotic therapy has a negative impact on the gut microbiom diversity and thus increases the risk for further overgrowth of C. difficile and the probability of CDI reccurences (6, 8) . The only way to break this circulus vitiosus seems to be the restoration of gut microbiota with fecal microbiota transplantation (FMT). FMT is an emerging therapy for CDI that offers the potential for a rapid and lasting elimination of the infection through restoration of healthy microbiota. FMT is a process of stool transfer from one or multiple healthy donors to the gut of the sick person (9) .
Although this method has been already used in ancient medicine, Eiseman and collegues were the first who treated patients with C. difficile via fecal enema and published the results in 1958 (10) . The first very promising, placebo-controlled trial by Van Nood et al., confirmed the high effectivity of this method in the treatment of CDI (11) . Further meta-analyses demonstrated a cure rate of over 90% in CDI patients treated with FMT (12) . The effectiveness of FMT in patients with CDI provides important proof of concept that dysbiotic gut microbiota can be restored by transplantation of microbiota from a healthy donor.
The aim of the present study was: 1) to analyze the impact of fecal microbiota transplantation (FMT) on the healing and the recurrence rate of C. difficile infections; 2) to assess the effect of FMT on the imbalance of pro-inflammatory cytokines and other pro-inflammatory markers C-reactive protein (CRP) and fecal calprotectin (Fc), and 3) to study the shift in gut microbiome diversity and composition after FMT.
PATIENTS AND METHODS

Patients
This study included 18 patients with CDI. Fifteen of them had recurrent CDI and 3 severe and/or complicated CDI. All patients who provided informal consent were recruited for this study undertaken in the Thuringia Clinic Saalfeld between March 2014 and October 2016. The male:female ratio was 6:12. The median age of patients was 66.9 years. During a stay in hospital 78% of the patients aquired CDI. In 22% of the patients CDI occured in an ambulant setting. The severity of CDI was assessed on the basis of the Hines VA CDI severity score index (13) .
Experimental procedures
The preferred method of FMT application was colonoscopy. The screening of the donor and the preparation of the FMT was based on the modified Amsterdam protocol (14) . Only in one patient the upper gastrointestinal (GI) route via double-balloon enteroscopy was chosen since colonoscopy was inapplicable due to sigma stenosis. The main advantages of the colonoscopic route are: 1) colonoscopy is a more pleasant method for the patient than upper gastrointestinal enteroscopy, 2) colonoscopy offers the ability to evaluate the lower gastrointestinal tract and to exclude other pathologies, and 3) the colonoscopic route allows a higher bacterial load for FMT which may increase the effectiveness of this method. The median follow up was 16 months (3 weeks -31 months). The total number of FMTs applied was 20 with one patient receiving 3 FMTs over a period of 8 months.
For each patient included in our study the following laboratory parameters were assessed before and after FMT: the complete blood count, the level of CRP, and the presence C. difficile toxin in stool samples. In 8 patients, the analysis of fecal calprotectin was performed. Furthermore, in 8 patients the levels of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-8 and IL-12 was measured by FACS analysis. Brieflly, serum level of TNF-α, IL-1β, IL-6, IL-8 and IL-12 was assessed by multiplex measurements using the Human Inflammatory Cytokine CBA Kit (BD Biosciences, Cat. No: 551811). Data weas acquired on BD™FACS Calibur flow cytometer, and analysed using FCAP Array Software. Moreover, the level of LL-37 peptide was estimated by ELISA (Hycult Biotech).
In 7 patients the analysis of diversity and composition of gut microbiota was assessed by using sequencing of 16sRNA. Shortly, genomic DNA was extracted according to Qiamp Fast DNA Stool extraction kit (Qiagen) and the V3-V4 region of bacterial 16srRNA genes was amplified with the NEBNext Q5 Hot Start Hifi PCR Master Mix (NEB) using a dual-index strategy (15) . The amplified fragments were purified with AMPure XP Beads (Beckmann Coulter Genomics), combined and analyzed by '2 × 300 bp paired-end' sequencing using a Illumina MiSeq device. Quality control and bioinformatics analysis was done using the Uparse Pipeline (16) and Megan 6 (17) . The database of the 'Ribosomal database project' (RDP, release 15) was used for classification.
Statistical analysis
All statistical analyses were performed using SPSS version 22.0 (SPSS, Inc, Chicago IL, USA). Non-normally distributed data are presented as medians and categorical data are presented as n (%). Outcomes before and after treatment were compared using the Wilcoxon rank sum test. P < 0.05 was considered to be statistically significant.
RESULTS
After application of one FMT a 88.8% cure rate of CDI was achieved, since 16 of 18 patients responded to FMT. For one patient, two additional FMT were needed to achieve a definitive long-lasting cure. Only one patient with severe CDI did not respond to FMT. Therefore, the final outcome of the study was 94.4%. Regarding the indication for FMT after recruitment for the study, 15 patients had recurring CDI and 3 patients had a first episode of severe, therapy-refractory C. difficile enteritis (Fig. 1) .
No serious short-or long-term adverse events were observed. Within the first 8 -12 hours after FMT 10 of 17 patients complained about abdominal discomfort that completely disappeared 24 h after the procedure. No fever or allergic reactions were observed.
During the mean follow-up period of 16 months (March 2014 to October 2016), no recurrence of CDI was observed in all successfully treated patients. One patient with peripheral arterial disease died 3 weeks after FMT due to infected ischemic necrosis of the lower extremity with consecutive sepsis. Three other patients died during the follow-up due to non-FMTreleated diseases, but also showed no recurrent CDI symptoms until their death; two patients died 6 months after FMT due to myocardial infarction or apoplex, and one patient died due to severe chronic obstructive pulmonary disease (COPD) stage IV and pneumonia 3 months after FMT.
The FMT therapy led to a significant reduction of CRP in all treated patients (Fig. 2) . In parallel to the reduction of CRP, the normalization of the clinical score was observed (Fig. 3) . In 8 CDI patients the fecal calprotectin level was assessed. This sensitive marker of colonic inflammation significantly decreased after FMT (Fig. 4) .
The analysis of pro-inflammatory cytokines by FACS analysis demonstrated a significant decline of the level of TNF-α, IL-1β, IL-6, IL-8 and IL-12, already 3 weeks after the FMT procedure (Fig. 5) .
Cathelicidins are important anti-microbial peptides involved in the protection of the intestinal barrier. In animal model of sepsis, cathelicidin prevented intestinal barrier dysfunction (18) . LL-37 is the only cathelicidin-derived anti-microbial peptide found in humans. Our analysis showed no significant change in the LL-37 level 3 weeks after FMT; however, the amount of the peptide in the patients' plasma significantly increased within 3 months after the FMT procedure. These results point towards the restoration of the intestinal barrier after the healing of CDIinduced colitis (Fig. 6) .
Finally, the analysis of the diversity of gut microbiota using the Shannon index demonstrated a significant increase in gut microbiome diversity after FMT (Fig. 7) .
In 7 representative patients with recurrent CDI, the sequencing analysis of gut microbiota using the 16sRNA sequencing technique was performed. This examination showed a significant increase of beneficial bacterial species such as Lactobacillaceae, Ruminococcaceae, Desulfovibrionaceae, Sutturellaceae and Porhyromonadeacae, and a decrease in the bacterial community of Enterobacteriaceae and Veillonellaceae (Fig. 8) .
DISCUSSION
Our study demonstrated the high effectivity of fecal microbiota transplantation (FMT) therapy in patients with recurrent and/or severe C. difficile colitis. The cure rate in our FMT-treated patients was 94%. Our data are conform to the results obtained in previous studies (12) . In one patient with severe, pseudomembranous, therapyrefractory CDI the application of FMT failed. This indicates that a severe, pseudomembranous CDI may not respond to FMT. A recent study by Fischer et al. demontrated that severe CDI, accompanied by the development of pseudomembranes, is associated with increased risk for failure of FMT (19) .
The therapy was well tolerated and no serious adverse events were observed. During the follow-up period of 16 months we registered 4 deaths which were not related to FMT; the study participants died of sepsis, myocardial infarction, apoplex or severe COPD with pneumonia. No allergic reaction or fever were noted after FMT. The most common adverse event after fecal microbiota therapy was abdominal discomfort, as reported also in a previous study (20) .
Our study showed that during the follow-up no reccurences of CDI were observed indicating an improvement of dysbiosis through FMT that prevents a repeated overgrowth of C. difficile and a new outbreak of this disease.
The main route of the application in our study was colonoscopy. In only 1 patient FMT was successfully perfomed via double-balloon enteroscopy due to sigma stenosis and a risk for gut perforation during colonoscopy. FMT via the colonoscopic route seems to be highly effective since colonoscopy offers the possibility to apply more fecal material and thus a higher concentration of bacterial communities to the diseased colon. Our data hint towards that the colonoscopic route for FMT should be favored over FMT applied enteroscopically. Additionally, enteroscopy harbors the risk of severe aspiration and limits the use of the upper gastrointestinal tract as a path for the treatment of FMT (20, 21) .
In the present study, FMT caused a rapid attenuation of colonic mucosa inflammation. Within 3 weeks after FMT, CRP and fecal calprotectin completely normalized in CDI patients. This observation indicates that FMT therapy imposes strong anti-inflammatory effects due to the transfer of a 'healthy' bacterial communities. This hypothesis is supported by the fact that the levels of the pro-inflammatory cytokines TNF-α, IL1β, IL6, IL-8 and IL-12 significantly dropped within 3 weeks after FMT, leading to the normalization of the CDI score. To the best of our knowledge, this is the first report describing beneficial changes of plasma pro-inflammatory cytokines in patients after successful therapy of CDI with FMT.
As previously shown, the use of FMT in CDI patients was associated with a significant increase in bacterial diversity that indicates the restoration of gut microbiota (22) . Moreover, we were able to identify the bacterial species responsible for anti- inflammatory effects in the colonic mucosa. The sequencing technique of 16sRNA showed a significant increase in the number of anti-inflammatory bacteria such as Lactobacillaceae, Ruminococcaceae, Desulfovibrionaceae, Sutturellaceae and Porhyromonadeacae, and a decrease in aggresive bacterial communities such as Enterobacteriaceae and Veillonellaceae.
Lactobacillaceae represents a large family of rod-shaped or spherical gram-negative bacteria that require carbohydrates for growth and ferment them mainly to lactic acid. This group of bacteria protects the gut mucosa and ameliorates colitis by inhibition of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and strengthening of the intestinal barrier via induction of tight junction protein expression (23) . Ruminococcaceae are common gut microbes that break down complex carbohydrates. Recently, Khanna et al. demonstrated that an increase in Ruminococcaceae in association with other bacterial communities (Clostridiaceae, Rikenellaceae, Bacteroides, Rothia and/or Faecalibacterium) is observed in the gut of the patient who respond to treatment of C. difficile infection (24) . Desulfovibrionaceae are sulfate-reducing bacteria (SRB) that produce the important mediator hydrogen sulfide; H 2 S plays an important role in the human gut because it exerts vasodilatory, neuromodulatory and anti-inflammatoty effects (25, 26) . The role of Sutturellaceae is not defined yet and is under investigation. The ability of these bacteria to adhere to intestinal epithelial cells indicate that they may have an immunomodulatory role (27) .
Porhyromonadeacae is a family within the order of Bacteroidales and represent an important part of the indigenous microbiota of the gastrointestinal tract and the oral cavity. Recently, it has been demonstrated that Porhyromonadeacae increase colonization resistance against C. difficile in a murine model of this infection (28) .
Although the present study did not investigate the metabonomic changes after FMT, previous studies indicate that FMT is associated with increased production of secondary bile acids by the gut bacteria that are inhibitory to C. difficile (29) .
Finally, our results demonstrated that the overall microbiota diversity as shown by Shannon index increases after FMT. These results agree with previous observations (30) .
From our study, we conclude that 1) fecal microbiota transplantation (FMT) is an effective treatment method for C. difficile infection (CDI) since > 90% of the participating patients showed no recurrence of the disease; 2) successful FMT is accompanied by a significant reduction of CRP, proinflammatory cytokines and fecal calprotectin; and 3) FMT seems to be very effective and safe treatment of recurrent and/or severe CDI and leads to favorable shifts in the composition of gut microbiome (Fig. 9) .
